Volatile Organic Compounds (VOCs) constitutes an important class of air pollutants, and benzene is one of the main contaminants of indoor air pollution. Among the methods for the treatment of environments with a high VOCs concentration is the photocatalytic oxidation by TiO 2 (anatase) ceramic coated surfaces. The effectiveness of VOCs photodegradation studies using active ceramic tiles made in laboratory is well reported in the literature. However, this has not been reported using commercial tiles, although active ceramics are sold for such a function. In this context, this study proposed the assessment of commercial active ceramic tiles capacity in the photocatalytic degradation of benzene in indoor air. The development of this work arose from two questions: a) if the commercial active ceramic tiles are efficient in the VOCs degradation as the manufacturers claim; b) if they are able to degrade VOCs in indoor building environments. Experiments were conducted in laboratory's scale, using an adapted simulation chamber. The volatilized benzene entered in contact with the commercial ceramic tile under fluorescent light and ultraviolet (UV) light of 365 nm. Samples of the chamber internal air were collected by adsorption on polydimethylsiloxane fibres in headspace technique (SPME-HS). The evaluation of the benzene degradation occurred by gas chromatography analysis with mass spectrometry (GC-MS). The characterization of commercial active ceramic samples occurred by techniques of X-Ray Diffraction Powder (XRD), and Scanning Electron Microscopy (SEM) with Energy Dispersive Spectrometry (EDS). Results showed that, under the experimental conditions, the commercial active ceramic tile was not capable of the benzene photocatalytic oxidation. The ceramic characterization detected very low quantity of TiO 2 on ceramic samples, being this fact attributed as the main responsible for the ceramic photocatalytic inactiveness.
Introduction
The air pollution and its effects on human health have become a great concern, and the focus of numerous discussions and scientific studies (van der Zee, Fischer, & Hoek, 2016; Zhang & Wang, 2010) . Among the air pollutants, Volatile Organic Compounds (VOCs) are considered the most dangerous. The main VOCs harmful to human health are: benzene, toluene, xylene, formaldehyde, and acetaldehyde (EPA, 2009) . Others harmful air pollutants include substances such as the volatiles compounds emitted from tobacco smoke and NO x (Gallego, Roca, Perales, & Guardino, 2009; . VOCs are considered narcotics, depressants of the central nervous system, and irritating to the respiratory tract and skin (ATSDR, 2007) .
The photocatalytic properties of TiO 2 are well established in the literature, being anatase the most active crystalline form to promote this phenomenon ( Alijani et al, 2017; Bianchi et al, 2017; Diamanti et al., 2013; Diebold, 2003) . However, to the practical application, it is required the TiO 2 support on diverse materials to compose the PCO system. Ceramic materials, paints, and Heating, Ventilating, and Air Conditioning (HVAC) systems, including air filters, are the main supports to TiO 2 . Studies on the HVAC systems supporting TiO 2 demonstrated a lack of efficiency for VOCs degradation from indoor air (Hodgson, Destaillats, Sullivan, & Fisk, 2007) . Photocatalytic paints are pointed out as a promised material to NO x and some VOCs oxidation, and already is available in commercial scale (AQEG -Air Quality Expert Group, 2016; Laufs et al., 2010) .
Studies on ceramic coated with TiO 2 to work as self-cleaning surfaces (as well as photocatalytic surfaces to NO x and VOCs oxidation) have been conducted. The efficiency of the active ceramic tiles on photocatalytic degradation of the main VOCs present in indoor air, including benzene, was reported (C. L. Bianchi et al., 2013; Hasmaliza, Foo, & Mohd, 2016; Hofer & Penner, 2011; Knook & Maanen, 2013) . Also, the efficiency of the benzene degradation by TiO 2 supported on diatomite was described by (Cheng, Kang, & Li, 2012) .
Despite the great number of researches that demonstrate the efficiency of the active ceramics in the VOCs degradation, there is a lack of information that guarantees the efficiency of these ceramics on a commercial scale. This is particularly important because the active ceramics have been used to obtain certificates of sustainability projects in commercial buildings (e.g. LEED).
It is very important the development of studies on the efficiency of commercial active ceramic tiles to ensure their operation and consequently, the air quality. In the research of Chen, Zhang and Zhang (Chen, Zhang, & Zhang, 2005) on PCO devices efficiency, the authors concluded that the systems might not work as advertised, and some devices indicate that the PCO is missing or bad placed in the system. To contribute to this issue, this work evaluated the efficiency of a commercial active ceramic tile on the benzene photocatalytic degradation in confined air. These ceramics are based on the Hydrophilic Tile (HT) technology (TiO 2 coating) which provide photocatalytic and self-cleaning properties (Solutions, n.d.) . Thus, it was hypothesized that the active ceramic tiles should be used for the benzene removal from indoor air, contributing to the air pollution control. Benzene was chosen because it is a common VOC substance present in household cleaners, tobacco smoke, car fumes, as well as furniture materials (Bruno, Caselli, de Gennaro, Iacobellis, & Tutino, 2008) .
Method
The commercial active ceramic tiles (KeraGail) were purchased from Gail Brazil. The specification of this material reports as consisting in extruded ceramic with active surface based on the HT technology . These ceramics are used to build ventilated façade with an environmental appeal of air pollution control and energy saving.
Two tiles were randomly collected from the others produced and sold to this study. The tiles (1.20 x 0.30 x 0.02 m), colour 290 H white, were washed with neutral detergent and potable water. After cut, the tile samples were rinsed with deionized water and dried at 100 o C before use.
Photocatalytic Properties
To carry out the benzene degradation study in the simulation chamber, the commercial ceramic tile was cut in pieces of 8 cm in height and 18 cm in length, using water jet high pressure equipment (60,000 psi) IFB 3030 model from FLOW (Kent, USA).
To the photocatalysis purpose, it was evaluated the fluorescent and ultraviolet (UV) 365 nm lamps, T5 type 4 W, with 150 mm total length and 15 mm diameter, as light sources.
volume) was adapted as a simulation chamber. The simulation chamber was set up as showed in the Figure 1 .
Inside the chamber, over the perforated porcelain plate, two commercial active ceramic pieces were arranged in holders to stand upright, simulating the position in a building wall . Also, a micro fan (12v; 4 cm x 4 cm) was placed to promote the benzene distribution on the entire chamber, and a glass Beaker with 20 mL distilled water was placed to keep the air humidity ( Figure 1a) . A dichroic 30W lamp was placed below the perforated porcelain plate, centred at the main hole, used to heat, and volatilizes the benzene (Figure 1a, d ).
On the desiccator cover were installed the support for the UV lamps connection; holes (septum) for the sampling of the internal air; as well as an opening for the thermohygrometer external probe, and the power cords of the micro fan and the dichroic lamp ( Figure 1e ). The temperature and relative humidity were determined by a portable thermohygrometer (Simpla TH02).
Benzene (20 μL; Merck) was completely volatilized by heating (using dichroic lamp) to the total volume of the chamber. The system was left to equilibrate during 15 minutes under forced internal ventilation, and the dichroic lamp was maintained on throughout the experiment to assist in the equilibrium of benzene vapor in the chamber. After that, the lamp (UV or fluorescent) was switch on, and the benzene content evaluated at intervals of 30 to 120 minutes, by gas chromatography-mass spectrometry with sample collection in headspace by solid phase micro extraction (SPME -HS).
Figure 1. Simulation chamber design for the experimental benzene photocatalytic degradation study: a) simulation chamber illustration; b) ceramic tiles on the perforated plate; c) detail of the ceramic tile fixation; d) overview of internal chamber with ceramic tiles and dichroic lamp; e) detail of the chamber cover with the UV lamp and wires
The adsorbent fibres were 100% polymethylsiloxane (PDMS) Supelco (Bellefonte, PA, USA), specific for benzene extraction in solid phase. The fibres exposure time to the internal air of the chamber was 10 minutes. The same fibres were used in all analyses.
The equipment used was a Shimadzu GC17A coupled to the mass spectrometer Shimadzu QP5050A, simple quadrupole. The column used was DB-5MS (5% phenyl, 95% polydimethylsiloxane) of 30 m length; 0.25 mm internal diameter; 0.25 μm of stationary phase thickness. The GC analysis used gas Helium 99.995%; flow rate of 0.5 ml/min; linear velocity of 26.5 cm/s; fixed column temperature of 120°C. In the benzene analysis, the m/z 78 (relative to the molecular ion) was monitored. The elution time of the column was 2.1 min. The ASTM D6420-99 (2004) -Test Method Standard for VOC Determination by direct interface between Gas Chromatography and Mass Spectrometry was used.
Ceramic Characterization
The commercial active ceramic tile was characterized using X-Ray Powder Diffraction (XRD) and Scanning Electron Microscopy (SEM) with microanalysis by Energy Dispersive X-ray Spectroscopy (EDS). The analyses are used to identify the chemical composition of the ceramic material in each sample, as well as to identify the presence of the different TiO 2 crystalline phases (rutile and anatase) on the surface of the commercial active ceramic tile.
XRD analyses were performed using bulk (sample 1) and surface (sample 2) ceramic samples after manual grinding with an agate mortar. XRD analyses were performed with a Rigaku diffractometer (DMAX) using CuKα1 (1.5818 Å) radiation, operating at 40 kV and 20 mA. Scans were performed from 10 to 80° (2θ) at a step size of 0.02° with a scan speed of 2°/min. XRD data were interpreted by using the RRUFF mineralogical databases (Lafuente, Downs, Yang, & Stone, 2015) .
The scanning electron microscopy (SEM) was used to evaluate the surface morphology of the ceramic and TiO 2 film dimensions. The samples were analysed in Zeiss EVO 50 equipment. A thin layer of gold was prior deposited by sputtering on the samples through the Bal-Tec SCD 050 equipment, for better definition in the contrasts of the images. The chemical composition of the samples was obtained as a semi-quantitative analysis of elemental microanalysis given by energy dispersive spectrometer (EDS). The IXRF Systems 500 Digital Processing detector coupled to the SEM was used.
Results and Discussion

Photocatalytic Properties of the Commercial Active Ceramic
The formulated hypothesis that the commercial active ceramic tiles are capable to the benzene degradation was evaluated. Thus, the photocatalytic properties of the commercial active ceramic tiles were evaluated under two light sources: fluorescent, to simulate the sun light, and UV (365 nm). The reference condition was a blank (without the ceramic plate). Several previous experiments (data not shown) were done to define the optimal conditions to run the tests, and to evaluate the ceramic photocatalytic properties. GC-MS results are summarized in the Table 1 .
The dichroic lamp was left on during the test, allowing the complete benzene volatilization. The internal chamber temperature in 120 minutes of the experiments was 48.1 ± 1.2°C and 46.2 ± 1.7°C for fluorescent and UV light, respectively. Similarly, the relative humidity was 92% for both experiments. According the ceramic manufacturer, the tile surface is hydrophilic, thus, the humidity inside the chamber was enough to favour the photocatalytic process. However, the high temperature should limit the photodegradation process, since it can affect the adsorption process of the pollutants on the ceramic surface.
The Relative Standard Deviations (RSD) reflects the precision between each peak area founded in each step (0 to 120 min) of same experiment. The analytical validation for chromatograph methods followed the standards 8260B and 8000D of Environmental Protection Agency (EPA) protocols, being the RSD given by equation (1).
RSD (%) = (
) x 100 (1) The values of the relative standard deviation (%) of the peak areas found in the GC-MS analyses were very close to each other in all tests. The results indicated that no benzene degradation occurred under the established experimental conditions, since blank tests (without ceramic tile) presented RSD very close from the tests performed with the commercial active ceramic tile (Vas & Vékey, 2004) , independently of the light source.
These results were unexpected, considering prior studies which demonstrated that the HT technology in commercial ceramic is efficient to degrade methylene blue (Neumann, 2013) , NO x (Graumann, 2013) , and acetaldehyde (Kisch, 2011) . In addition, the results are in disagreement with the characteristics reported by researches carried out using ceramic with TiO 2 coatings, whose photochemical phenomenon was identified for volatile organic compounds, including several components of tobacco (Sannino, Vaiano, Sarno, & Ciambelli, 2013; Vulić, Rudić, & Ranogajec, 2013) .
Based on the experimental results, the ceramic characterization was necessary to verify the TiO 2 active coating conditions, and to find the possible cause of benzene non degradation, before set up new experimental conditions for further tests.
Ceramic Characterization
The X-Ray diffraction technique is widely used to characterize ceramic materials, since it allows the identification of the components and their crystalline phases. The manufacturer of the commercial active ceramics tiles informs that the surface of this ceramic is photoactive due to the presence of TiO 2 coating. In this research, this technique is fundamental for the determination of the presence of the photoactive phase of TiO 2 , anatase.
The X-Ray diffraction patterns of the bulk (Sample 1) and active surface (Sample 2) ceramic samples are showed in the Figure 2a . The XRD pattern of both samples 1 and 2 were characteristic of fired clay material, with presence of mullite and quartz (Figure 2b ).
The XRD patterns indicate that the chemical composition of the bulk and the surface of the active ceramic is essentially the same. This characteristic was unexpected, considering that the photocatalysis phenomenon occurs only at the ceramic surface. Thus, it could address to two possibilities: a) the incorporation of photoactive TiO 2 in the ceramic bulk, what should increase the production costs without a relevant advantage to photocatalytic properties, or b) the TiO 2 coating is missing. The XRD diffraction patterns of commercial ceramic samples were then compared to the TiO 2 (RRUFF) standard data (Figure 3 ). The absence of TiO 2 XRD peaks in all ceramic samples was the most worrying observation; since the presence of TiO 2 anatase is required for the photocatalytic process occur (Diamanti et al., 2013; Yang et al., 2017) . SEM/EDS analyses confirmed this result. The SEM images of ceramic surface revealed rough and porous morphology (Figure 4 a, b) . To the photocatalysis process take place, it is required the contact of the organic pollutant, water, and O 2 on the ceramic surface with active TiO 2 and UV radiation. Thus, these characteristics are important to facilitate the organic pollutant adsorption process. In the surface sample of the ceramics evaluated by SEM, the presence of TiO 2 nanostructure was not observed as showed in the literature (Knook & Maanen, 2013; .
The chemical composition revealed in the semi-quantitative analysis of EDS is presented in the Figure 5 . The EDS analysis showed the titanium concentration in the surface of ceramic sample at very low level of 0.685% mass.
The main compounds were aluminium and silica, confirming the results obtained by XRD analyses. The occurrence of TiO 2 as a natural clay contaminant is between 1.25 and 2.15% by mass (Petrick et al., 2011) , it means that the commercial sample presents less TiO 2 than some natural clays. 
